Results and Discussion

X-Ray Diffraction
shows X-ray diffraction (XRD) patterns of TAGS-85, TAGS-85 + 1% Dy for Ge, TAGS-85 + 2% Dy for Ge, and TAGS-85 + 1% Dy for Te. The XRD showed that the Dy-doped materials contain mostly one phase and have a rhombohedral structure similar to the parent TAGS-85 (Ag 6.52 Sb 6.52 Ge 36.96 Te 50 ). [ 21 ] The inset in Figure 1 shows an expanded view of the (202) peak at 2 Θ ≈ 30 ° for all four samples; the shift of the (202) peak toward smaller angles is evidence that the large Dy atoms were embedded, at least partially, in the lattice, at both Ge and Te sites. A similar shift was observed for the (024) and (220) peaks at 2 Θ ≈ 42 ° and ≈ 43.5 ° , respectively. The effect of the replacement increased with the Dy content and was larger when Dy replaced Ge. Figure 2 a), the magnetization exhibited a saturated behavior, which can be observed for some paramagnetic materials containing localized magnetic moments and can be described by the Brillouin function. [ 13 , 22 ] The temperature dependence of the ratio M / H , which in diamagnetic and paramagnetic materials represents the magnetic susceptibility, χ , showed behavior typical of paramagnetic systems (Figure 2 b ). low-energy carriers by potential barriers formed at the interface between the matrix and various inclusions on the microscale, [ 1 , 12 ] or by defects on the atomic scale. [ 9 ] Energy fi ltering generally is most effi cient at low temperatures, but can also be valuable at temperatures of about 600-700 K. [ 12 ] We suggest that energy fi ltering can occur in materials with strong local lattice distortions (imperfections) formed by dopant atoms with much larger or smaller atomic sizes, compared with the replaced atoms of the matrix. In addition, atoms with large localized magnetic moments distributed in the lattice serve as scattering centers and can also be associated with local lattice imperfections.
Magnetization
The majority of the atoms of transition elements, lanthanides, and actinides carry a magnetic moment due to unpaired 3 d -, 4 f -, and 5 f -electrons, respectively, but only lanthanides may possess large and strongly localized magnetic moments; [ 13 ] the exceptions are the " non-magnetic" La and Lu, and Ce, Eu, and Yb, which have unstable 4 f -shells. [ 14 ] Lanthanides as dopants can produce various effects in the lattice: i) due to their large size, rare-earth atoms can result in local lattice distortions; note that the atomic size of rareearth atoms decreases from La (atomic radius r a = 0.274 nm) to Lu ( r a = 0.225 nm), which is still larger than that of Ge ( r a = 0.152 nm) and Te ( r a = 0.142 nm); [ 15 ] ii) rare earths may have vanishing (e.g., La and Lu), small (e.g., Pr, Nd, and Er), or large (e.g., Gd, Dy, and Tb [ 13 ] ) localized magnetic moments; iii) some of the rare earths (e.g., Ce, Eu, and Yb) may have unstable electronic configurations and form resonance 4 f -electron states near the Fermi level; [ 14 ] and iv) rare earths can form local bonds and affect the charge-carrier concentration. Note that due to the localized magnetic moments, additional interesting phenomena may occur (e.g., the spin Seebeck effect). [ 16, 17 ] A well-known group of high-performance thermoelectric materials is GeTe alloyed with Ag and Sb on the Ge sublattice. [ 18 ] Commonly, their composition is shown as (GeTe) x (AgSbTe 2 ) 100-x with x = 75, 80, 85, and 90, or by the acronym "TAGS-x ". The material with x = 85 (TAGS-85), which can be shown in atomic percent as Ag 6.52 Sb 6.52 Ge 36.96 Te 50 , is one of the best thermoelectric materials known and has been used for various power generation applications. [ 19 ] Recently, we showed [ 20 ] 125 Te NMR spectroscopy, both at 300 K, and by measurements of the thermopower, electrical resistivity, and thermal conductivity in the temperature range from 305 to 750 K. In addition, the dc magnetization was measured from 1.8 to 350 K in an applied magnetic fi eld up to 55 kOe. The inset in Figure 2 b shows the inverse H / M = 1/ χ ratio, which fi ts the Curie law and indicates that Dy ions formed a system of non-interacting localized magnetic moments. According to the Curie law, the paramagnetic susceptibility increases with decreasing temperature and can be expressed as: [ 13 ] χ par(mol) = (Np 
where χ par(mol) = ( M m / H ) par = χ par m mol is the molar magnetic susceptibility, m mol is the molar mass of the formula unit of the substance, N is the Avogadro number, k is the Boltzmann constant, and p eff is the effective molar magnetic moment. Using the magnetic susceptibility at 1. Te NMR spectra of TAGS-85, TAGS-85 + 1% Dy for Te, TAGS-85 + 1% Dy for Ge, and TAGS-85 + 2% Dy for Ge, and b) intensity of the 125 Te NMR signal as a function of recoupling time in an experiment probing orientation-dependent interactions of the 125 Te nuclei for TAGS-85 doped with Dy. Data for TAGS-85 doped with Ce or Yb for Te [20] are shown for comparison. Signal reduction due to regular T 2 relaxation during the short dephasing period ( < 50 μ s) is negligible ( < 5%). Figure 3 b displays a plot of the 125 Te NMR signal intensities of neat and doped TAGS as a function of recoupling time in an experiment that refl ects the orientation-dependent local magnetic fi elds probed by the 125 Te nuclei. [ 23 ] Data for TAGS-85 doped with Ce or Yb [ 20 ] are shown for comparison. In neat TAGS, the decay mostly refl ects the chemical-shift anisotropy due to deviations from local cubic symmetry caused by the rhombohedral distortion, alloying and vacancies.
The dephasing for TAGS doped with Ce or Yb was very similar, while faster dephasing was observed for the Dy-doped TAGS samples. Simulations have shown that the increased dephasing rate corresponds to an interaction of approximately 8 kHz. [ 23 ] We attribute the faster dephasing to magnetic-dipole couplings between the magnetic moment of Dy and the 125 Te nuclear magnetic moments. Given that the dipolar fi eld drops off with the inverse cube of the distance between the ion and the nucleus, this is evidence that Dy is incorporated into the TAGS-85 lattice. Figure 4 shows the dependence of the absolute Seebeck coeffi cient, S , measured at average temperatures of 305 and 700 K for Ag 6 [ 20 ] ), and the upper edge marks S for TAGS-85 #2 (synthesized for the current study). The plot in Figure 4 exhibits several interesting features: the Seebeck coeffi cient of TAGS-85 doped with Dy for Ge is nearly constant along the ingot and is defi nitely larger than that of both the TAGS-85 #1 and #2 samples. In addition, the Seebeck coeffi cient of the samples where Dy replaced Ge is larger than that for Dy replacing Te. A larger enhancement of the absolute thermopower is observed for TAGS-85 doped with 2% Dy for Ge. Figure 5 shows the temperature dependencies of: a) the absolute Seebeck coeffi cient, S ; and b) the electrical resistivity, Figure 7 ; our data for GeTe are shown for comparison. At 300 K, the thermal conductivity of TAGS-85 is about 5 times lower than that of GeTe (Figure 7 a) (i.e., simultaneous alloying of GeTe with ≈ 13 at% Ag and ≈ 13 at% Sb on the Ge sublattice significantly reduced the thermal conductivity). Note that our data for the thermal diffusivity, 0.5 cm 2 s − 1 , and the thermal conductivity, 80 mW cm − 1 K − 1 , of GeTe at 300 K agree well with the literature data. [24] [25] Our measurement of the thermal conductivity of TAGS-85 #2 was 19 mW cm
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at 300 K, which is larger than the value of 16 mW cm − 1 K − 1 reported by Yang et al. [26] and Salvador et al. [27] Note also that TAGS-85 #1 shows a low thermal conductivity of 16 mW cm − 1 K − 1 at 300 K. [ 20 ] Doping of TAGS-85 with Dy for Ge reduced the thermal conductivity at 300 K to 17 and 16 mW cm − 1 K − 1 for 1% and 2% Dy, respectively. However, at 700 K, within the uncertainty of the measurements, the thermal conductivity of TAGS-85 and TAGS-85 doped with Dy samples was similar. The exception is TAGS-85 + 2% Dy, whose thermal conductivity at 700 K was lower, ≤14 mW cm − 1 K − 1 . Figure 7 b shows the temperature dependences of the thermoelectric fi gure of merit, ZT = PF T / κ = S 2 T / κ ρ for TAGS-85 without and with doping of Dy for Te or Ge. At ≈ 730 K, both of the TAGS-85 samples showed ZT ≤ 1.3, which is consistent with our value obtained for the TAGS-85 #1 sample using home-made equipment, [ 20 ] and also with the values reported by Yang et al. [ 26 ] and Salvador et al., [ 27 ] but smaller than the value of ZT = 1.4 reported by Skrabek and Trimmer. [ 28 ] The TAGS-85 sample doped with 1% Dy for Te showed ZT ≤ 1.5 at 730 K, whereas ZT ≥ 1.5 for TAGS-85 doped with 1 or 2% Dy for Ge. Note that, in spite of the power factor of TAGS-85 doped with 2% Dy for Ge being smaller than that of TAGS-85 doped with 1% Dy for Ge, the lower thermal conductivity resulted in a similar, high ZT . Dy for Te). The absolute Seebeck coeffi cients of the TAGS-85 samples doped with Dy, S 730K = + 188 μ V K − 1 and S 730K = + 195 μ V K − 1 when doped with 1 or 2% Dy, respectively, were higher than the values for neat TAGS-85, + 172 μ V K − 1 and + 176 μ V K − 1 , for samples #1 and #2, respectively. The temperature dependence of the thermopower of all of the samples shows two regions with a nearly linear increase, but different slopes. The slopes in the temperature range of (i) 305-520 K are similar, 0.36 μ V K − 2 , whereas those in the range of (ii) 540-760 K depend on the composition and varied between 0.13 and 0.08 μ V K − 2 for TAGS-85 and TAGS-85 + 2% Dy for Ge, respectively. At 300 K, TAGS-85 has a rhombohedral structure with an angle of 88 ° , which gradually increases with temperature and reaches 90 ° at ≈ 510 K; [ 21 ] above this temperature the crystal lattice of TAGS-85 has cubic symmetry. The temperature of the change in the thermopower slope, ≈ 525 K, was close to the region where the rhombohedral distortion disappeared. Hence, the large thermopower slopes in temperature range (i) can be associated with the rhombohedral structure, while the smaller ones in the range (ii) can be associated with the cubic structure.
The temperature dependence of the electrical resistivity is typical of degenerate semiconductors where the increase of the electrical resistivity with temperature is mostly associated with an increase in carrier scattering by phonons. Some contribution to the electrical resistivity may arise due to porosity and microcracks, so we could not easily distinguish the contributions arising from carrier concentration, mobility, and point defects, and due to porosity and microcracks. Generally, TAGS-85 samples doped with Dy had less visually observable porosity than neat TAGS-85. Furthermore, in TAGS-85 doped with Dy, the porosity at the top of the ingot was less than at the bottom. The lowest values of the electrical resistivity of the samples with 1 or 2% Dy for Ge measured at 730 K, 10 μ Ω m, and 13 μ Ω m, respectively, were found for the samples extracted from the tops of all the ingots. Figure 6 shows the power factor, PF = S 2 / ρ , calculated for the same samples. PF refl ects the electrical part of the thermoelectric fi gure of merit but its value strongly depends not only on the thermopower, which is insensitive to porosity and microcracks in the material, but also on the measured value of the electrical resistivity, which is sensitive to these microscopic defects. The power factor of Ag 6 , due to the larger electrical resistivity. Note that the power factors of all of the samples studied were nearly constant in the temperature range between ≈ 530 K and 730 K.
Thermal Conductivity and Thermoelectric Figure of Merit
The temperature dependences of the thermal conductivity and the thermoelectric figure of merit of TAGS-85 without 
Possible Mechanisms of the Power-Factor Enhancement Due to Doping with Dy
One of the most important questions is through what mechanisms Dy atoms affect the thermopower of the TAGS-85 thermoelectric material, resulting in the enhancement of the power factor. Elucidation of these mechanisms would provide a better understanding of the effect of rare-earth doping on the thermoelectric properties of complex chalcogenides. Generally, the thermopower can increase due to: i) reduction of the carrier concentration; ii) modifi cation of the DOS near the Fermi level; and/or iii) enhancement of the energy fi ltering mechanism (see the introduction). The thermal conductivity can decrease due to: i) reduction of the carrier concentration; ii) reduction of the lattice conductivity by changes in the phonon spectra; and iii) possible inclusions. Our data show that doping of GeTe-based complex tellurides with rare earths is an effi cient way of modifying both electronic and thermal transport.
Both XRD and 125 Te NMR spectroscopy showed that some Dy atoms were incorporated into the lattice. Hence, we can conclude that, in spite of the large atomic radius of Dy ( r a = 0.249 nm) compared with that of Ge ( r a = 0.152 nm) and Te ( r a = 0.142 nm), dysprosium may replace Ge and Te or fi ll vacancies on the Ge sublattice. Figure 8 shows a schematic representation of a magnetic semiconductor such as Ag y Sb y Ge 50-2 y -z Te 50 Dy z ; there should be two main local lattice distortions in this alloy, due to Ge vacancies (lattice shrinks) and Dy doping (lattice expands), and both can contribute to the carrier and phonon scattering (i.e., non-magnetic scattering). Also, due to their large localized magnetic moment Dy atoms can enhance carrier scattering similarly, as observed by Slack and Galginaitis [29] for the narrow-band semiconductor CdTe doped with Mn or Fe.
The temperature dependence of the thermopower of the two TAGS-85 samples is somewhat different from those reported previously. [ 26 − 28 ] At 305 K, our values of the absolute Seebeck coeffi cient of TAGS-85 #1 and #2, S = + 78 and + 82 μ V K, respectively, are smaller than those reported by Yang et al. [ 26 ] ( S ≈ + 110 μ V K) and Salvador et al. [ 27 ] ( S = + 100 μ V K). At 730 K, our values for TAGS-85 #1 and #2 were S = + 172 and + 176 μ V K, respectively. The Seebeck coeffi cient values reported by Skrabek and Trimmer [ 28 ] are larger ( + 180 and + 198 μ V K at 600 and 750 K, respectively). The observed differences can be attributed to the conditions and procedures of the measurements, and using the relative instead of the absolute thermopower (see experimental details in Experimental Section). Figure 7a shows an expanded view of the thermal conductivity. can be measured in the experiment. Low-energy carriers diffuse from the cold end toward the hot end, and the thermopower depends on the difference in the chemical potentials of the carriers with high and low energy. It is favorable if carriers with higher energy, moving from the hot end toward the cold end, are scattered less than those with lower energy moving from the cold end toward the hot end, [ 32, 33 ] resulting in a smaller cancellation of the two contributions and an enhancement of the thermopower. Generally, the scattering can be associated with the parameters of the potential barriers in the material. In the energy fi ltering model, potential barriers may occur at the interfaces between the material matrix and nanoscale inclusions, [ 1 , 12 ] or at grain boundaries due to Te vacancies. [ 11 ] For TAGS-85 doped with Dy, we suggest that potential barriers can occur due to the mismatched atomic sizes and the large magnetic moment of the Dy atoms present in the lattice. A similar effect was discussed by Zide et al. [ 34 ] [ 35 ] The electrical resistivity in semiconductors depends on the carrier concentration and mobility, which can be changed by doping. The most important mechanism affecting mobility at high temperatures is scattering by phonons. In paramagnetic materials, an additional contribution, magnetic scattering by localized magnetic moments, may increase the electrical resistivity. A large contribution may also arise from microcracks and the porosity, which are typical for multicomponent tellurides, and may overcome the contribution from the concentration and the mobility. Our data show that the enhancement of the power factor of TAGS-85 due to Dy doping was mostly achieved by the increase in the thermopower. Because the electrical resistivity of TAGS-85 doped with 2% Dy was larger than that in the sample doped with 1% Dy, its power factor was smaller.
(TAGS-85 + 2% Dy for Ge). The thermal conductivity of GeTe is shown for reference in (a). The inset in
Temperature (K)
It is well known that the thermal conductivity contains two contributions, due to the lattice and carriers, and is one of three components that affects the thermoelectric fi gure of merit. At 700 K, the reported thermal conductivity of TAGS-85 is approximately 15 mW cm − 1 K − 1 [ 26, 27 ] or 17 mW cm − 1 K − 1 , [ 28 ] whereas our measurements showed 16 mW cm
. The effect of the thermal conductivity on ZT is signifi cant, but the uncertainty of the thermal transport measurements is large, ≥ 6%. We expect that, due to the observed reduction in the carrier concentration and the distortion of the lattice induced by the doping of TAGS-85 with Dy, the thermal conductivity should also be reduced. This was confi rmed by the data for TAGS-85 doped with 2% Dy, where the reduction in the thermal conductivity was clearly observed and can be attributed to an increase in the anharmonicity of the lattice vibrations (phonons), reducing heat propagation through the lattice. [ 36 ] Again, the reported values of the power factor and fi gure of merit of TAGS-85 vary signifi cantly. [ 18 , 26 − 28 ] Our data, obtained for two samples, suggest that the ZT of TAGS-85 should be considered as ≤ 1.3 at 730 K (as also indicated in the review by Snyder and Toberer [ 2 ] ), and future studies should use this value as a reference. In TAGS-85 doped with Dy, the interplay between the electrical and thermal transport due to variable contributions from the carrier concentration, phonon scattering, and energy fi ltering results in an enhancement of ZT .
The literature and our data show that thermoelectric properties of TAGS-85 vary to some extent; this can be explained by variations in the composition and parameters of synthesis, and different contributions from various mechanisms.
The large reduction in the thermal conductivity at 300 K in TAGS-85, compared with that in GeTe, as well as the decrease in thermal conductivity of TAGS-85 doped with Dy, is mostly due to changes in thermal diffusivity, while the heat capacities and densities of all these materials are very similar. Because our measurements were conducted under the same conditions, and since samples extracted from different locations in the ingot showed similar thermopowers (Figure 4 ) , we can conclude that the doping of TAGS-85 with Dy defi nitely enhances the thermopower, particularly when Dy atoms replace Ge.
The shift of the 125 Te NMR frequency observed for TAGS-85 doped with Dy (Figure 3 a,b) can be attributed to a slightly reduced Knight shift and, therefore, to a reduction (≤15%) in carrier concentration, which is insignifi cant at the level of ≈ 6 × 10 20 cm − 3 . The spin-lattice relaxation, which is driven by the hyperfi ne coupling of the nuclei to the charge carriers, was slower in TAGS-85 doped with 2% Dy for Ge, T 1 = 3.8 ms than in neat TAGS-85, T 1 = 3.1 ms, which can be attributed to a slight reduction in the carrier concentration due to Dy doping. Note that 125 Te NMR spectroscopy (Section 2.3.), as well as the magnetization data (Section 2.2.), in addition to XRD (Section 2.1.), indicate that some amount of Dy atoms is present at the Ge or Te sites. The reduction in carrier concentration generally results in a favorable increase of thermopower and also in a partial reduction in thermal conductivity, as indeed observed for TAGS-85 doped with 2% Dy. However, the moderate change in carrier concentration cannot explain the signifi cant enhancement of thermopower observed in TAGS-85 due to doping with Dy. Hence, we need to consider additional mechanisms of thermopower enhancement (e.g., modifi cation of the DOS or an energy-fi ltering mechanism). A large increase of the DOS near the Fermi level, ε F , due to 4 f -electrons is, in principle, possible for Ce, Eu, and Yb, [ 14 ] but not for Dy, because its 4 f -electron states are located deeply in the valence band, far from the Fermi level. Ab initio calculations [ 30 ] have shown that an increase of the DOS near ε F in narrow-gap semiconductors due to s -or p -electron states is possible for various impurities: in PbTe, s -dopants (e.g., Zn (3 d 10 4 s 2 ), Cd (4 d 10 5 s 2 ), and Hg (5 d 10 6 s 2 )) form resonance states near the bottom of the conduction band, while p -dopants (e.g., Ga (4 s 2 4 p 1 ), In (5 s 2 5 p 1 ), and Tl (6 s 2 6 p 1 )) form resonance states at the top of the valence band. An increase of the DOS near ε F has also been suggested based on experimental data for PbTe:Tl. [ 8 , 31 ] Hence, a small increase of the DOS in TAGS-85 doped with Dy (4 f 10 6 s 2 ) cannot be excluded, but, due to the low Dy concentration, the effect from the DOS modifi cation cannot be large, and other mechanisms enhancing the thermopower should be considered.
It is possible that the enhancement of the thermopower observed in TAGS-85 doped with Dy is due to an energyfi ltering mechanism (i.e., differential scattering of high-and low-energy carriers of the same sign by potential barriers in the material). [9] [10] [11] [12] The Seebeck effect requires that high-energy carriers diffuse from the hot end toward the cold end of the material and produce an electric fi eld, which stops this motion and Te-NMR-spectroscopy measurements, powder samples were prepared from the disc samples.
X-Ray Diffraction : Room temperature X-ray diffraction patterns were obtained for ground powders using a Scintag SDS-2000 diffractometer with Cu K α radiation. The X-ray diffraction patterns obtained for the as-solidifi ed TAGS-85 + 1% Dy for Te, TAGS-85 + 1% Dy for Ge, and TAGS-85 + 2 at% Dy for Ge were indexed to the rhombohedral R3m polymorph (space group 160), which is a slight distortion of the hightemperature cubic structure of GeTe. TAGS-x materials are known to exhibit a second-order polymorphic transformation from the hightemperature cubic to the low-temperature rhombohedral R3m structure over a temperature range from 300 to 510 K. [ 21 ] NMR Spectroscopy : Solid-state 125 Te-NMR-spectroscopy experiments were run on a Bruker Biospin (Billerica, MA) DSX-400 spectrometer (magnetic fi eld of 9.3900 T) at 126 MHz, using a 2.5 mm magicangle-spinning (MAS) probe head at a 22 kHz spinning frequency; the sample masses were ≈ 30 mg. [ 20 ] The signals were detected after a Hahn echo generated by a 2 μ s-t r -3.8 μ s -t r two-pulse sequence, where t r denotes a rotation period. The second pulse and receiver phase were cycled according to the EXORCYCLE scheme. [ 37 ] The measuring times were around 10 h for each spectrum. The 125 Te-NMR-spectroscopy chemical shifts were referenced to Te(OH) 6 in solution via solid TeO 2 at + 750 ppm as a secondary reference. The spin-lattice relaxation time, T 1 , was determined by fi tting the dependence of the normalized integral vs. the time delay after saturation by a train of 90 ° pulses; [ 38 ] the uncertainty of the T 1 determination was ± 0.2 ms. Chemical-shift/dipolar anisotropy 125 Te-NMR-spectroscopy measurements [ 23 ] were conducted to obtain information about the local structure of the materials studied. The unpaired electrons of the magnetic ions produced orientationdependent magnetic fi elds at the nuclei, which were probed by the NMR spectroscopy. The orientation-dependent (anisotropic) local fi elds were different for different crystallites and therefore led to destructive interference in the time signal, which manifested itself as a shortened relaxation time, T 2 * aniso . In addition, there were other factors shortening T 2 * , such as a distribution of isotropic (orientation-independent) chemical or Knight shifts, resulting in T 2 * iso . In order to distinguish the anisotropic and isotropic fi elds, we needed MAS, which selectively refocused the anisotropic dephasing and thus increased T 2 * aniso without affecting T 2 * iso . In order to measure T 2 * aniso , we applied a radio-frequency π -pulse that interfered with the MAS and, at the same time, refocused the decay due to T 2 * iso ("Hahn spin-echo"). We used a simple pulse sequence, usually applied to analyze large chemical-shift anisotropies, with an excitation pulse, t csa -π -pulse-t csa , followed by an incremented " z -fi lter" (" γ -average") to remove spectral artifacts. [ 23 ] Magnetization : The bulk dc magnetization of the samples was measured at 1.8 and 300 K using a Quantum Design superconducting quantum-interference device magnetometer in a magnetic fi eld, H , varying from 0 to 55 kOe. The temperature dependence of the magnetic susceptibility was measured in the temperature range of 1.8-350 K in a 50 kOe magnetic fi eld. For the measurements, the samples were placed in a gel capsule of low diamagnetic susceptibility, χ = -1.3 × 10
, an order of magnitude smaller than the lowest magnetic susceptibility of the samples. The uncertainties of the magnetic measurements were less than 2%. [ 22 ] Seebeck Coeffi cient (Thermopower) and Electrical Resistivity : Measurements of the Seebeck coeffi cient (thermopower) and electrical resistivity were performed using an LSR-3 measuring system (Linseis Inc.) in a helium atmosphere in the temperature range from 305 to 760 K. The Seebeck coeffi cient and the electrical resistivity were measured simultaneously for the same sample using a four-probe method; the temperature difference for thermopower measurements was between 8 and 9 K in the entire temperature range, with an uncertainty of ≤0.1 K. The Seebeck coeffi cient was measured relative to the Pt legs of a Pt-(Pt + Rh) thermocouple and then the absolute Seebeck coeffi cient was calculated. The uncertainties of the thermopower and electrical resistivity measurements were 5 and 3%, respectively.
Comments on the Seebeck Coeffi cient Measurements : It is worth noting here that important experimental details must be taken into consideration 36.96 Te 49 Dy 1 (1% Dy for Te)) showed that some Dy atoms are incorporated into the lattice, where they produce large local lattice distortions. Doping of TAGS-85 with 1 or 2% Dy for Ge enhanced the thermopower by ≈ 7 or 10%, respectively, over a wide temperature range, from 305 to 730 K; the power factor for TAGS-85 doped with 1% Dy was enhanced by ≈ 25% compared with that in TAGS-85. The effect of doping on the thermopower, with Dy replacing Ge, was slightly stronger than that for Dy replacing Te. The enhancement of the Seebeck coeffi cient and power factor of TAGS-85, due to doping with Dy, was generally similar to that observed for doping with two other rare earths, Ce and Yb. However, in contrast to Ce and Yb, the 4 f -electrons of Dy cannot form resonance states near the Fermi level. We suggest that the enhancement of the thermopower in TAGS-85 doped with Dy can be attributed partially to a reduction in the carrier concentration, detected by 125 Te NMR spectroscopy, and partially to energy fi ltering of the carriers by potential barriers associated with the Dy atoms, which, due to their large atomic size and localized magnetic moment, distort the TAGS-85 lattice. The interplay between the parameters of electronic and thermal transport in TAGS-85 due to doping with Dy resulted in the enhancement of ZT at 730 K, from ≤ 1.3 in TAGS-85 to ≥ 1.5 for TAGS-85 doped with 1 or 2% Dy for Ge. Doping TAGS-85 with Dy forms a dilute magnetic semiconductor and makes it a promising material for thermoelectric power generation.
Conclusions
Experimental Section
Materials Synthesis and Sample Preparation : The TAGS-85 ingots doped with Dy were prepared by direct reaction of the constituent elements, Ag, Sb, Ge, Te, and Dy, in fused silica ampoules. The initial nominal compositions were Ag 6.52 Sb 6.52 Ge 35.96 Te 50 Dy 1 (TAGS-85 + 1% Dy for Ge), Ag 6.52 Sb 6.52 Ge 34.96 Te 50 Dy 2 (TAGS-85 + 2% Dy for Ge), and, in addition, Ag 6.52 Sb 6.52 Ge 36.96 Te 49 Dy 1 (TAGS-85 + 1% Dy for Te). The ampoules were heated up to 1323 K to melt the constituents and shaken periodically to form homogeneous ingots upon solidifi cation. Finally, the melts were cooled down with the furnace. The master ingots had a mass of 20 g, a diameter of 10 mm, and a length of ≈ 36 mm; measurements were made on several samples cut from each ingot. Several disc samples with a diameter of ≈ 10 mm and a thickness of ≈ 2 mm were prepared by cutting the ingot with a diamond saw perpendicular to the ingot axis. This allowed us to measure the variation of the Seebeck coeffi cient and electrical resistivity along the ingot as well as to use the same sample for different measurements. Two fl at, parallel surfaces on opposite, initially curved sides of each disc sample were prepared for the thermopower and electrical resistivity measurements. The disc samples could also be used for thermal diffusivity measurements by the fl ash method. Small, bulk pieces of ≈ 0.2 g extracted from the disc samples were used for the magnetization measurements. For the X-ray-diffraction and
